Forest fire management relies on the fire danger rating to optimize its suite of activities. Limiting fire size is the fire management target whenever minimizing burned area is the primary goal, such as in the Mediterranean Basin. Within the region, wildfire incidence is especially acute in Portugal, a country where fire-influencing anthropogenic and landscape features vary markedly within a relatively small area. This study establishes daily fire weather thresholds associated to transitions to increasingly larger fires for individual Portuguese regions (2001-2011 period), using the national wildfire and Canadian fire weather index (FWI) databases and logistic regression. FWI thresholds variation in relation to population density, topography, land cover, and net primary production (NPP) metrics is examined through regression and cluster analysis. Larger fires occur under increasingly higher fire danger. Resistance to fire spread (the fire-size FWI thresholds) varies regionally following biophysical gradients, and decreases under more complex topography and when NPP and occupation by flammable forest or by shrubland increase. Three main clusters synthesize these relationships and roughly coincide with the western north-central, eastern north-central and southern parts of the country. Quantification of fire-weather relationships can be improved through additional variables and analysis at other spatial scales.
Introduction
Exposure to increasingly severe and anomalous fire weather makes fire disasters a growing global concern, especially where flammable vegetation and developed areas intermingle [1] . Such is the case of the Mediterranean Basin, where forest fires are prominent and an average of 360 kha burn every year in the Iberian Peninsula, southern France, Italy, and Greece, with northern and central Portugal being the hotspot of fire incidence [2] . Combination of an oceanic-influenced Mediterranean climate favoring high plant productivity and fast fuel build-up, prevalence of flammable vegetation types, rough terrain, and particularly high ignition density are credited to account for the high annual burn rates (up to 6%) observed in Portugal [3] .
Forest fire management comprises a suite of activities that seek to minimize the socioeconomic and environmental impacts of fire, namely ignition prevention, fire detection, initial attack resource deployment and dispatch, large fire management, strategic planning, and fuel management (e.g., through prescribed burning) [4] . Fire danger rating supports all these activities [5] through indices calculated from current and past weather that express the individual and combined effects of atmospheric conditions and drought, as in the systems developed in Canada [6] , the USA [7] , and Australia [8] that describe how easily a fire will ignite and spread, and how difficult its control will be.
The Canadian forest fire weather index system (CFFWIS) [9] is commonly used in research and management applications across the world and consists of six fuel moisture and fire behavior indices calculated from ambient temperature, relative humidity, wind speed, and 24-h rainfall. Operational fire danger rating in Portugal relies on the fire weather index (FWI) of the CFFWIS, calibrated to indicate fire suppression difficulty as determined by fireline intensity in maritime pine (Pinus pinaster Ait.) stands, and considers five classes, respectively low (FWI < 8.4), moderate (8.5 < FWI < 17.1), high (17.2 < FWI < 24.5), very high (24.6 < FWI < 38.2), and extreme (FWI > 38.2) [10] . This approach offers an objective and quantitative indication of fire potential, albeit generic as it does not consider variation in fuel and terrain conditions. Consequently, outputs of fire weather systems benefit from regional interpretation and statistical evaluation against historical fire activity that lead to probabilistic assessments of fire likelihood and threshold values to define fire danger classes [5, 11] . In Europe, the CFFWIS has been calibrated to depict distinct fire activity levels [12] [13] [14] [15] and has been used to model fire activity (number of fires, burned area) across various spatiotemporal scales [16] [17] [18] [19] [20] [21] [22] [23] and to assess the likelihood and characteristics of large fires [24] [25] [26] [27] [28] .
Fire management often seeks to minimize the area burned by unplanned fire, as it equates to abating its environmental and societal negative impacts. Since fire size distribution is highly uneven, most of the burned area is accounted for by a small fraction of the total number of fires, e.g., [29] , those that escape initial control efforts, are driven by extreme weather conditions, and can become catastrophic if wildland-urban interfaces are impacted [1, 30] . Fire size distribution is thus useful to evaluate fire management policies and for strategic planning [31] , and operational planning of pre-suppression and suppression activities can be guided by fire danger rating such that individual fires do not exceed predefined size targets [32] . Fire size depends of fire behavior characteristics, namely rate of spread (determined by weather, topography, and fuel), landscape barriers, and fire suppression effort and effectiveness, which are affected respectively by the amount of simultaneous wildfires and fire behavior [31] . The relative importance of the numerous factors involved is variable and can change depending on fire-size class or across the fire size continuum [24, 26, 27, [33] [34] [35] . The need for achieving progress on the understanding of fire weather (and other influences) roles on fire growth to increasingly larger sizes is obvious, given the impacts associated to larger fires [36] .
Fire activity and fire regimes, including fire-size distribution [31] , vary along climatic and land use gradients [37] and result from the interaction of biophysical and social factors, hence are subject to substantial anthropogenic-induced change, through modified vegetation and ignition patterns and fire suppression [37] [38] [39] capable of overriding background fire-climate [40] and fire-weather [41] relationships. The regional scale context is thus relevant to better understand how fire activity (including fire size) is connected to fire weather [21, 42] and, more generally, to climate [40, 43] .
Marked spatial contrasts in fire activity in Portugal [44] and the concomitant influence of biophysical and socioeconomic factors [45] [46] [47] motivates this study examination of regional fire activity in relation to fire weather. I hypothesize that larger fire development in response to increasingly severe fire weather is dependent on land use and vegetation, topography, and variables affecting human fire initiation and control, which should be reflected in regionally variable fire size-weather relationships.
Materials and Methods

Data
This study relates to mainland Portugal (89,089 km 2 ) and the 2001-2011 period, which is relatively short but was selected to ensure consistency in record keeping standards and minimize variability in fire management policies and land-use changes that could affect fire activity, e.g., [48] . The study period includes both extremely high (2003, 2005) and extremely low (2007, 2008) fire years in terms of burned area, ranging from 20.0 kha to 471.8 kha. Individual fire data (date, duration, location, and size) was sourced from the Portuguese rural fire database [49] and comprised 333,378 records for 2001-2011, corresponding to a burned area of 1671.4 kha (Figure 1a ), according to the national fire atlas [50] . Fire weather was described through the FWI of the CFFWIS, calculated daily from noon weather observations acquired by the Portuguese Sea and Atmosphere Institute network of automatic weather stations. Distrito (n = 18, Figure 1b ) is the administrative regional scale that underpins fire preparedness and suppression organization and decision-making in Portugal. The FWI at the region (i.e., distrito) level was obtained by averaging the FWI values of the stations (between 2 and 7) located within each region. The fraction of fire starts that attained or exceeded increasingly larger size thresholds were calculated for each combination of region and day of the time series, respectively 0.01, 0.1, 1, 10, 100, 500, and 1000 ha. Those fractions were then recoded as 0 or 1, respectively for days with none and one or more fires belonging to a given size class; no-fire days were also attributed 0. Thus, each fire size-based partition divided the whole dataset in two subsets.
A number of variables expected to influence fire-weather relationships were calculated for each region. Population density, as a strong determinant of ignition density [51] , correlation with unburnable land and road network density, and a relevant factor in fire control response time and available resources, was obtained by averaging the 2001 and 2011 national census.
Topography and terrain characteristics influence ignition patterns, fire behavior, and fire suppression operations and were derived from a 25-m resolution digital elevation model: Elevation, slope, and the topographic ruggedness index (TRI) [52] that expresses the average elevation change between any point on a digital grid and the surrounding area.
Net primary productivity (NPP, t C year −1 ) was used as a generic indicator of potential fuel load and was calculated for each region from the gridded (0.25 • resolution) spatial data product global patterns in net primary productivity [53, 54] . Data from the 5th National Forest Inventory [55] was used to calculate the regional fractions of land covered by agriculture, shrubland, and forest. Additionally, a "flammable forest" category was calculated as the fraction of forest cover comprised of maritime pine or eucalypt (mostly Eucalyptus globulus Labill.). These species tend to occupy large and continuous tracts of the landscape, often in the form of naturally-regenerated and highly-flammable low and dense stands [56] , and are more prone to fire than any other forest type [57, 58] .
Data Analyses
Summary statistics were calculated for the regional variation of daily FWI and percentages of days with fires ≥0.01, 0.1, 1, 100, 500, and 1000 ha. Most fires in Portugal are short-lived, as expected in an anthropogenic landscape under a full fire suppression policy, e.g., only 4.1% of the fires in the database lasted more than 8 h, and only 0.9% extended beyond 24 h; Table S1 gives percentiles of fire duration for each of the binned fire-size classes. The duration of active fire spread is even smaller, as fire duration in the database is the time elapsed between fire detection and fire extinction. Consequently, I reasonably assumed that fire weather on the day a fire starts determines whether it will grow to a size larger than the thresholds considered [59] , which is further supported by the fact that in Portugal fires larger than 2500 ha typically (interquartile range) attain 1000 ha in 2 h to 10 h [25] .
Logistic regression [60] with the FWI of the fire-start day as the independent variable was employed to model the daily likelihood of fires ≥0.01, 0.1, 1, 10, 100, 500, and 1000 ha at the regional level. The χ 2 likelihood ratio test was used to assess statistical significance (p < 0.05). Model classification performance was assessed with the area under the receiver operating characteristic (ROC) curve (AUC) and the misclassification rate (fraction of the observations incorrectly classified by the model) was calculated. A probability of 0.5 was the cut-off assumed for a fire-day event and the corresponding FWI was calculated from the fitted models for each region and fire size class. Correlations between the FWI thresholds for the various fire size classes were inspected, as well as between those and the regional median and 90th percentile of the FWI.
A correlation analysis was carried out between the variables expected to explain patterns in fire-FWI relationships, i.e., population density and the biophysical variables previously described. The regional variation in FWI thresholds allowing increasingly larger fires was examined as a function of those variables, but only the classes more relevant for fire management were retained, i.e., ≥1, 100, and 1000 ha, respectively FWI_1, FWI_100 and FWI_1000. Univariate least-squares regression analysis was carried out on log-transformed variables, to achieve more Gaussian distributions and because visual inspection indicated adequate fit by power functions. Residuals were checked for normality and homoscedasticity. To aid in interpretation, and anticipating common fire-FWI relationships, the 18 regions were allocated to three higher-level regions, respectively North and Central West (NCW), North and Central East (NCE), and South (S).
Combining the independent context variables with the FWI thresholds and applying hierarchical cluster analysis enabled the identification of similar regions in respect to fire-FWI relationships; as fires ≥1000 ha were very scarce in some regions, the corresponding FWI threshold was excluded from the analysis.
Results
Regional diversity in the putative factors related with fire activity in Portugal was manifest ( Table 1 ). In particular, variation in population density approached two orders of magnitude. The remaining variables varied at least approximately two-fold (NPP and agriculture land cover) and up to 10-and 12-fold, respectively shrubland and flammable forest cover. Correlation analysis indicates that regions characterized by rougher terrain tended to have less agriculture, more flammable forest, and, especially, more shrubland; forest and shrubland fractions were negatively correlated; and the flammable forest fraction increased with NPP (Table S2 ). Northwestern and southern Portugal were dissimilar in population density, terrain, NPP, and land cover patterns, indicating potential enhancement of ignition density and fire spread and intensity in the former. Inter-regional fire weather variability was relevant ( Figure 2 ), given altitudinal differences and the east to west and south to north gradients of increasing oceanic influence that moderates the fire-prone Mediterranean climate. Northwestern Portugal regions (Viana do Castelo, Braga, Porto, Aveiro), with more temperate climate, were characterized by lower FWI values and narrower FWI ranges in contrast with the drier and warmer south of the country (Évora, Beja). Regardless of these differences, and noting that annual fire activity concentrates on a short number of days [61] , the 90th percentile of the FWI was higher than the threshold for extreme fire behavior (FWI = 38) in all regions but one (Viana do Castelo). Increasingly larger fires consistently occurred on an increasingly smaller number of days (Table 2) . Such a decreasing trend was particularly noticeable for fires surviving to ≥10 ha and ≥100 ha. Comparatively with other regions, large fires (≥100 ha) were a greater portion (≥3%) of the total number of fires in a few regions of the northern half of the country, namely Guarda, Vila Real, Bragança, and Viseu. Increasingly larger fires corresponded to increasingly higher FWI values ( Table 3 ). The relative increase in FWI thresholds was especially relevant for fires ≥1 ha and ≥10 ha. Variation in the FWI thresholds among regions was quite high up to 10-99 ha fires, ranging from 26 to 76, but declined for the subsequent fire-size partition classes. While the FWI threshold for fires ≥1 ha corresponded to quite mild fire weather conditions in some regions, particularly Viana do Castelo, Vila Real, and Guarda, it increased to very high and extreme fire danger levels in others, namely Portalegre, Évora, and Faro. The probability of distinguishing between fire and no-fire days as per the AUC varied between 0.67 and > 0.99 among the fitted logistic models, and misclassification rates ranged from < 1% to 36% (Table 3 ). AUC and misclassification rate tended to respectively increase and decrease with fire size, primarily reflecting the increasingly higher prevalence of no-fire days.
All fire-size FWI thresholds were significantly (p < 0.05) correlated, but the strength of the correlations diminished with fire-size dissimilarity (Table 4 ), e.g., r = 0.93 between the thresholds for fires ≥1 ha and fires ≥10 ha, but only r = 0.50 between the former and the threshold for fires ≥1000 ha. Nearly all FWI thresholds were strongly and positively coupled with the median FWI for all sample days (both fire and no-fire days), more closely associated with the thresholds for fires <100 ha, and with the 90th percentile of the FWI, better correlated with large-fire thresholds ( Table 4 ).
The daily FWI threshold for fires ≥1 ha in size decreased with TRI, elevation, and the fractions of shrubland, flammable forest, and forest in general, by decreasing order of importance (Table 5 ). Flammable forest fraction had the strongest association with the FWI threshold for fires ≥100 ha, followed by TRI, NPP, and population density, but the p-value for the latter was just 0.052; increases in these variables implied lower thresholds. The FWI threshold for fires ≥1000 ha increased with agricultural land cover and decreased with the fraction of flammable forest and with NPP, but the amount of variation accounted for by these variables was inferior to what was attained for fires ≥1 ha and ≥100 ha using the best univariate relationships. Figure 3 shows the best fitting relationships.
Three major groups of regions emerged from the cluster analysis that mostly conformed to the a priori supra regions (Figure 4 ). Low FWI thresholds, the highest population density, NPP and flammable forest fraction, and intermediate shrubland cover characterize the NCW cluster (n = 7). The NCE cluster (n = 6) did not differ from the former regarding FWI_1 but fires ≥100 ha occurred under more severe fire weather conditions, in landscapes with lower NPP, intermediate cover of flammable forest types and the highest incidence of shrubland. The uppermost FWI thresholds corresponded to the S cluster (n = 5), in association with the lowest elevation, slope, TRI, NPP and fractions of flammable forest types and shrubland, and the highest proportion of farmland. The bottom end of the clustering hierarchy was composed of contiguous regions, with two exceptions (Lisboa, Porto; and Castelo Branco, Faro). Table 4 . Correlation matrix (r values) between FWI thresholds for each fire size class, and between the latter and the median and 90th percentile of the FWI (n = 18). All correlations are significant at p < 0.001, except * (p < 0.05) and ** (p < 0.01). Table 5 . Univariate explanation (r 2 ) of regional variability in daily FWI thresholds for fires attaining 1, 100, and 1000 ha through 
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Discussion
FWI Thresholds for Increasingly Larger Fires and Fire Danger Rating
As expected, increasingly larger fires are gradually restricted to a lesser number of days (Table 2) , those characterized by increasingly higher FWI ( Table 3 ). Ability of the fire danger classification [10] in operational use in Portugal to match fire activity depends on whether its representation of fire behavior can be reasonably generalized and, overall, to what extent it captures the compounded influences involved. While regional FWI thresholds for the occurrence of fires ≥10 ha were either within the very high or the extreme fire danger classes [10] , all thresholds for fires ≥100 ha were within the extreme class. This operational fire danger classification indicates fire control difficulty in case a fire occurs, rather than whether it will occur and overall fire activity. Still, the current nationwide fire danger thresholds were able to signal daily conditions for significant fires (≥10 ha) and, especially, for large fires (≥100 ha), despite the existing regional variability in FWI thresholds. Lower relative differences among regions were also found in the FWI thresholds required for the occurrence of large fires versus fires <100 ha. Both findings might arise from an overriding effect of fire weather, through which fire behavior is gradually equalized among the existing forest and shrubland vegetation types [62] ; differential fire preference for vegetation types disappear [57] ; and fire development to significant dimensions is fast if the initial attack fails when fire behavior is above the extinction capacity, partially cancelling interregional differences in ignition density, vegetation, and terrain.
Within-region discrimination between FWI thresholds was lower for fires ≥100, ≥500, and ≥1000 ha in comparison with smaller fires. This indicates that, within a given landscape context, the response in large fire size is less than proportional to increasingly severe weather conditions reflected in the FWI. A limitation, as with any fire danger rating system, is that the FWI does not encapsulate all weather influences on fire growth, namely atmosphere structure and stability [25, 63] and rapidly changing conditions or fine-scale variability resulting from thunderstorm outflows, frontal passages, or wind-terrain interactions [59] . However, results align with previous work revealing control of fire size by landscape structure [27, 64] . This does not preclude weather-fuel synergies: Towards the upper end of the fire size range the response to increased meteorological fire danger is greater when fuel hazard is uniformly high across the landscape [25] and the largest fires coincide with extreme fire weather coupled with high fuel build-up [65, 66] .
Contemporary fire-weather relationships have been extensively examined in Portugal and the Mediterranean Basin, as described in the Introduction section. Nonetheless, there is a paucity of operationally oriented work with straightforward application to fire management decision-making. The FWI thresholds for the daily occurrence of fires of different sizes determined in this study can be viewed as an initial step in the development of a predictive system tailored to regional specificities. Additional variables are probably warranted for improved predictive performance in an operational context, namely seasonal patterns of fire occurrence, a descriptor of fire load, i.e., the suppression effort needed to tackle the fires occurring in a given region during a given time interval [4] , and the ability to predict short-duration strong winds [67] . I used distrito as the regional stratification unit, to conform to the current and merely political fire-management zoning of the country, but usage of more coherent land units, e.g., phytoclimatic zones [42] or ecoregions [65] , would probably result in more robust fire-weather relationships [20] .
Regional Variation in Fire-Size Response to the FWI
Mainland Portugal offers an interesting opportunity to examine the interaction of natural and anthropogenic influences in determining the fire regime, given their variability within a relatively small area, roughly 600 km by 200 km. The substantial regional variation in fire weather thresholds required for wildfire development to different sizes was consistent with gradients in biophysical factors ( Table 5 , Figure 3 ). The FWI threshold for fire growth to a given size can be seen as the resistance of the human-landscape system to fire spread. Thus, resistance to fire spread decreased under rougher terrain, higher plant productivity, or higher coverage by shrubland, forest, and flammable forest, and was enhanced by the extent of farming, with the relative relevance of these individual influences depending on the fire-size partition considered. Generally, larger fires were fostered by the concomitance of more and better-connected fuel in topographically complex landscapes; these features are correlated, and are expected to match with less inhabited regions, but correlation analysis overlooks it (Table S2) , possibly because of substantial intra-regional variation in population density and human influence [47] .
Decreased correlation between FWI thresholds for increasingly distant fire-size partitions (Table 4 ) suggests that, as one example, changes in the relative importance of fire drivers across the fire size range [68] that may be a consequence of interactions between population density and landscape structure. The regions of Porto and Bragança offer clear-cut examples in this respect. Both have a low FWI_1 threshold, in Porto due to extremely high population density within landscapes dominated by wildland-urban interfaces (hence very high ignition pressure), in Bragança because of landscape dominance by farmland and shrubland, which presumes the use of fire in land management. These regions also share very high FWI_1000 thresholds, as the burnable landscape is either limited in extent or is substantially fragmented and particularly large fires will only develop under particularly severe and uncommon fire weather.
Data scatter in Figure 3 , along with Table 1 , allow some discussion on the relative role of human versus natural influences on FWI thresholds. For example, the Faro distrito deviates from the relationships between TRI and shrubland fraction with FWI_1, and from the FWI_100-TRI relationship, exhibiting high resistance to fire in relation to what would be expected. Vila Real shares similar NPP with Portalegre and Évora, but their respective FWI_100 are in the opposite extremes of the distribution, respectively corresponding to low and high resistance to fire spread. Population density is the distinguishing factor in both cases, presumably conferring higher resistance to fire when it is lower. Likewise, Viana do Castelo and Castelo Branco are similar in their fractions of flammable forest but contrast in FWI_100, respectively denoting low and high resistance to fire, possibly because of higher population density and marginally lower agricultural land use in the former. This suggests that population density, as a surrogate for ignition density [45, 51, 69] , contributes to distinguish FWI-fire thresholds among similarly fire-prone landscapes.
The interaction of biophysical and human factors with the likelihood of weather conditions conducive to significant fire activity should introduce further complexity and nuance in fire-weather relationships. However, strong correlations between regional FWI thresholds and the corresponding median and 90th percentile of the FWI (Table 4 ) suggest that regional distinctions in the prevalence of more extreme fire weather (Figure 2 ) did not affect the fire-size FWI thresholds, likely because in Mediterranean climates the NPP gradient controls how fire activity responds to fire-inducing weather [70] . A study in southern France found that only 25% of the variation in wildfire spatial patterns was attributed to spatial variation in fire weather [35] .
Cluster analysis revealed three broad pyroregions (Figure 4) , roughly corresponding to the NCW, NCE, and S supra regions of the country, and representing differential resistance to fire spread, from low to high, as determined by land use, topography, NPP, and population density. This supplements previous analyses examining regional or spatial patterns of fire activity metrics that highlighted the role of climate [44] , recognized the existence of synergistic effects [69] , and carried out explicit modeling [25] . However, within-cluster variation was substantial down to adjacent regions. Further advances in understanding and systematizing fire-weather relationships from a fire management perspective and, more generally, in typifying fire regimes, can be achieved by working at finer spatial scales and using landscape-level metrics of fuel structure [27, 71, 72] .
Conclusions
Fires grow in the landscape to increasingly large sizes as allowed by the composite influences of atmospheric and fuel dryness conditions, which in this study were expressed by the FWI of the Canadian forest fire weather index system. Larger fires require progressively more extreme fire weather, which occurs on a limited set of days. However, fire-weather relationships, as expressed by FWI-thresholds associated to the fire-size classes considered, show important regional variation in Portugal, even if the operationally-used fire danger rating classification is satisfactory at discriminating days with large fire (≥100 ha) occurrence. Relative differences between FWI thresholds for large fire-size classes variants decreased both within and among regions as compared with smaller fires, possibly signaling a greater control of fire spread exerted by landscape structure and a decrease in the anthropogenic-related ability to restrain fire development, but also fire-atmosphere-terrain influences and interactions unaccounted for by the analysis.
FWI thresholds as a function of fire size are an expression of resistance to fire spread. Such levels of resistance followed biophysical gradients. Coincidence of higher NPP and flammable forest fraction enabled fire development to larger sizes under comparatively mild fire weather. Decrease in NPP and flammable forest cover and high shrubland cover signaled intermediate resistance. Finally, decreased terrain roughness with less forest and shrubland and more agriculture corresponded with the highest resistance to fire spread. Population density is both a source of ignitions and a facilitator of fire suppression and its potential role warrants further research. Future improvements in fire-weather relationships analysis will likely result from the inclusion of additional variables, examined at the scales most coherent with the objective, i.e., fire management versus understanding of processes.
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